Control of C4 photosynthesis and Crassulacean acid metabolism (CAM) is, in part, mediated by the diel regulation of phosphoenolpyruvate carboxylase (PEPC) activity. The nature of this regulation of PEPC in the leaf cell cytoplasm of C4 and CAM plants is both metabolite-related and posttranslational. Specifically, the regulatory properties of the enzyme vary in accord with the physiological activity of C4 photosynthesis and CAM: PEPC is less sensitive to feedback inhibition by L-malate under light (C4 plants) or Based on physiological and biochemical considerations, it is evident that PEPC activity must be regulated by light + dark transitions in C4 and CAM species in order to: (a) coordinate C4-and C3-photosynthetic carbon metabolism in response to light intensity in C4 plants (7, 10); (b) avoid futile decarboxylation/carboxylation cycling during the day in CAM plants (21); and (c) minimize uncontrolled utilization of glycolytic PEP during the dark in C4 plants (2, 7). While light-induced changes in the cytoplasmic levels of known metabolite effectors (e.g. glucose 6-P, L-malate, triose-P) likely contribute to the overall regulation of PEPC activity (5, 7, 21), recent attention has focused on the diel regulation of this enzyme's activity in C4 and CAM species by posttranslational modification. In this review we summarize the recent developments in this latter area of research and discuss the molecular mechanism(s) involved in this regulatory process.
ence of bicarbonate and Me2", (e.g. Mg2", Mn2") to yield oxalacetate and Pi, a reaction that serves a variety of physiological functions in plants. This cytoplasmic enzyme comprises four identical subunits with monomeric molecular mass of about 110 kD. During both C4 photosynthesis and CAM, PEPC is the initial carboxylating enzyme that fixes atmospheric CO2 into C4-dicarboxylic acids (oxalacetate, malate, and aspartate), from which CO2 is subsequently released internally by various decarboxylating enzymes and photosynthetically reassimilated by the Calvin cycle (7, 21) . This initial ' The research described herein from this laboratory was supported in part by grant DMB-8704237 from the National Science Founda- Based on physiological and biochemical considerations, it is evident that PEPC activity must be regulated by light + dark transitions in C4 and CAM species in order to: (a) coordinate C4-and C3-photosynthetic carbon metabolism in response to light intensity in C4 plants (7, 10) ; (b) avoid futile decarboxylation/carboxylation cycling during the day in CAM plants (21) ; and (c) minimize uncontrolled utilization of glycolytic PEP during the dark in C4 plants (2, 7) . While light-induced changes in the cytoplasmic levels of known metabolite effectors (e.g. glucose 6-P, L-malate, triose-P) likely contribute to the overall regulation of PEPC activity (5, 7, 21) , recent attention has focused on the diel regulation of this enzyme's activity in C4 and CAM species by posttranslational modification. In this review we summarize the recent developments in this latter area of research and discuss the molecular mechanism(s) involved in this regulatory process.
GENERAL PROPERTIES OF THE REGULATORY PROCESS The initial interest in the posttranslational modulation of PEPC activity came from work on the diel regulation of CAM. The enzyme responsible for the initial fixation of atmospheric CO2 by CAM plants in darkness is PEPC, which, like the C4 isoform, is activated allosterically by glucose 6-P and feedback inhibited by L-malate (7, 21) . A related, physiologically important feature of CAM PEPC is its day/night fluctuation in enzymatic properties (29) ; the rapidly prepared, desalted enzyme extracted from night leaf tissue has lower Km(PEP) and higher Ki(malate) values than those from the corresponding day leaf tissue. These day/night changes in the properties of PEPC lead to a higher enzymatic activity at night and a much lower activity during the day (e.g. the night/ day activity ratio is about 8 [15, 29] ) which are paralleled by the classical physiological changes in the activity ofCAM (e.g. external C02 fixation, titratable acidity [21] (20, 29 (30, 31) further showed that the substrate PEP and Mg2+, a bivalent cation required for catalysis, favor the conversion of a2 to a4, whereas L-malate, a feedback inhibitor, shifts the dimer-tetramer equilibrium toward the dimeric enzyme-form. These in vitro findings suggested that interconversion between the malatesensitive dimer and malate-insensitive tetramer of PEPC might be the molecular mechanism for the diel regulation of PEPC activity in CAM plants. However, this hypothesis was not consistent with subsequent results obtained with other CAM species in which both the day and night enzyme-forms were found to be in the same aggregation state but still displayed the characteristic differential sensitivity to feedback inhibition by L-malate (15, 18) . In this context, it is notable that the reported in vitro dimer-tetramer interconversion was influenced by protein concentration (30) , with a higher PEPC concentration favoring tetramer formation and vice versa.
Based on our calculations from the PEPC protein-and yieldrelated data reported by Nimmo et al. (18) and the assumptions that 1 g fresh weight of leaf tissue is roughly equivalent to 1 mL in total volume and that the cytoplasmic matrix represents about 5% of the total cell volume (21) (13, 19) and sorghum (13, 26) leaf tissue indicated that C4 PEPC is more sery phosphorylated in the light when the enzyme is less malate sensitive than in darkness when it is more malate sensitive. Using rapidly purified PEPC from maize leaves, Jiao and Chollet (9) reported that the enzyme isolated from light-adapted plants had a higher catalytic activity and lower malate sensitivity than the corresponding dark enzyme-form. Although both light and dark enzymes contained P-serine, the degree of phosphorylation in the light form was greater than that in the dark enzyme. As in the case of phosphorylated CAM PEPC (18) , preincubation of the maize light-form enzyme with exogenous alkaline phosphatase converted the more active, less malate-sensitive PEPC to a less active, more malate-sensitive enzyme with properties similar to those of the control or phosphatase-preincubated dark enzyme (9) . It is interesting to note that exogenous alkaline phosphatase had little effect on the properties ofdarkform PEPC (9) even though it is partially phosphorylated (9, 13, 19) . Similar results were later obtained with sorghum leaf PEPC (26) .
To assess critically the effects of phosphorylation on the properties of C4 PEPC, in vitro experiments were performed (10) with an homologous reconstituted phosphorylation system comprised ofpurified, dark-form maize PEPC, a partially purified protein kinase(s) from light-adapted leaves, and ATP. Mg. The results from this phosphorylation system unequivocally established that the PK-mediated changes in the catalytic activity and malate sensitivity of C4 PEPC are directly correlated with the concomitant changes in the seryl-phosphorylation status of the target enzyme in vitro. Moreover, these changes in the enzymatic properties of dark-form PEPC caused by in vitro phosphorylation were in quantitative agreement with those induced by light in vivo (9, 19 Deduced primary sequences of various isoforms of PEPC have been reported from diverse organisms, including Escherichia coli, Anacystis nidulans, and C3, C4, and CAM plants (1 1, 12 and references therein). Comparative analysis of these sequences has revealed that the C-terminal region ofthe -10-kD polypeptide is relatively conserved, perhaps encompassing the active-site domain, whereas the N-terminal region is more variable. Along these lines, the regulatory phosphorylation site from in vitro 32P-phosphorylated/activated dark-form maize PEPC (10) has recently been isolated and sequenced (1 1) . The amino acid sequence ofthis regulatory phosphopeptide is His-His-Ser(P)-Ile-Asp-Ala-Gln-Leu-Arg, which corresponds exactly to residues 13 to 21 in the deduced primary structure of the maize leaf enzyme. This N-terminal regulatory site (Ser- 15) is far removed from a recently identified, species-invariant, active-site lysine (Lys-606) in the C-terminal region of the maize primary structure (12) . Extension of the regulatory phosphorylation site sequence to the N-terminal methionine reveals that (a) the phosphorylation site (Ser-15) is two residues removed from a basic amino acid in the primary structure, a feature similar to that in various protein-serine/threonine kinase substrates; (b) C4 PEPC from sorghum leaves and CAM PEPC from salt-stressed Mesembryanthemum crystallinum leaves contain N-terminal sequences that are highly homologous to this regulatory phosphorylation site, including the structural motif of Lys/Arg-X-X-Ser; and (c) no such homology is present in the bacterial, cyanobacterial or C3 (noninduced) M. crystallinum enzymes (1 1, 12, and references therein) .
More recently, comparative sequence analyses of the phosphopeptides isolated from in vivo 32P-labeled, purified darkand light-form PEPC from maize or sorghum indicate that Ser-15 or its structural homolog in the sorghum enzyme, Ser-8, is the only residue to be 32P-phosphorylated in vivo upon illumination and dephosphorylated in the dark (13) . These results, which are in complete agreement with the previous in vitro studies (1 1) , unequivocally establish that Ser-15 is the regulatory site that undergoes light/dark changes in phosphorylation status and, thus, contributes to the regulation of maize PEPC activity in vivo.
Other available data also support the view that Ser-15 in maize leaf PEPC is the regulatory phosphorylation site that is directly involved in the light/dark regulation of this enzyme in vivo. Along these lines, McNaughton et al. (16) recently reported that dark-form maize PEPC that had been partially degraded by an endogenous protease(s) sensitive to chymostatin, a chymotrypsin inhibitor, had not only lost a -4-kD peptide fragment from its N-or C-terminal, but also its malate sensitivity and the ability to be phosphorylated in vitro.
Vidal et al. (26) have recently isolated a calcium-dependent protein kinase(s) from sorghum leaves that phosphorylates dark-form PEPC in vitro but yet does not change the properties of the target enzyme. In contrast, the soluble leaf PK(s) that phosphorylates (activates) maize PEPC at Ser-15 (10 , 1 1) is not affected by either calcium/calmodulin, EGTA, fructose 2,6-bisP, or reduced cytoplasmic thioredoxin h from spinach. However, this kinase preparation is inhibited by NaCl (KC1), L-malate, and glucose 6-P. Such metabolite-mediated inhibition may be a result of a direct interaction of the PK with these carbon compounds or a result of a conformational change in the protein substrate, PEPC, induced by these two known effectors. It is not clear at present whether the calciumdependent C4-leaf protein kinase(s) (26) phosphorylates the specific, N-terminal regulatory seryl-phosphorylation site identified previously (1 1, 13) and, if so, whether the molar stoichiometry (i.e. mol Ser-P per 110-kD subunit) is sufficiently low that changes in catalytic activity and malatesensitivity of the target enzyme can not be detected.
With regard to the possible involvement of changes in the aggregation state of PEPC in the reversible light regulation of the C4 enzyme, no supportive in vivo evidence has yet been reported. In fact, both the light and dark enzyme-forms exist as tetramers under normal conditions (2, 8, 16) . However, the in vitro dissociation of the active C4 tetramer into dimers and monomers induced by dilution, NaCl, malate or low temperature (16, 22, 28, 32) leads to loss of enzyme activity, but with no change in malate sensitivity (16 (27) is much less sensitive to feedback inhibition by L-malate than the same enzyme purified by more rapid protocols (9, 10, 13, 16) . We are of the opinion that a markedly reduced malate-sensitivity of purified light-form maize PEPC is likely related to the proteolytic loss of a -4-kD N-terminal fragment containing the regulatory phosphorylation site, (11, 13, 16 (27) is missing the N-terminal peptide fragment encompassing Ser- 15 and, if so, whether this loss accounts for the ready dissociation of the holoenzyme in vitro (22, 28) .
CONCLUDING REMARKS It is becoming increasingly evident that the reversible seryl phosphorylation of PEPC plays a key, if not cardinal, role in the light/dark regulation of the C4-and CAM-leaf enzymes in vivo (Fig. 1) . Future work on the regulatory properties of the protein-senne kinase(s) (10) and type-2A protein phosphatase(s) (3) involved in this cytoplasmic phosphorylation/dephosphorylation cycle should provide much-needed insight into the specific nature of the photosynthesis-related light signal (23, 24) and its transduction pathway in the C4 mesophyll cytoplasm and of the putative factor that controls the endogenous rhythm (20, 29) of PEPC phosphorylation in CAM plants. Along these lines, recent work by Chollet's (6) and Nimmo's (see pp. 357-364 in ref. 26 ) groups has revealed that the PEPC protein kinase activity in desalted crude extracts of light-adapted maize leaves (or dark-adapted CAM tissue) is severalfold greater than that from the corresponding dark (light) tissue when using either endogenous or purified dephosphorylated PEPC as substrate, in the absence or presence of okadaic acid, a potent type 1 and 2A PP inhibitor (3). These exciting observations indicate that the protein-serine kinase(s) per se is highly regulated by either protein turnover, covalent modification or a tight-binding effector and imply that the light (rhythmic) signal and ensuing phosphorylation/ activation of PEPC in C4 (CAM) plants involves a bicyclic regulatory cascade (Fig. 1) .
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